Molecules that suppress memory formation protect against the consolidation of inaccurate information. A recent study in Drosophila has identified a new pathway for memory suppression and the neurons that are a gateway to long-term memory formation.
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Making lasting memories is a bit of a balancing act. The adaptive value of being able to recall valid and useful information is quite high [1] , but remembering untrue or irrelevant information is likely to be maladaptive [2] . The challenge for memory systems is to consolidate the former while filtering out the latter. In many learning paradigms, the formation of long-term memories requires salient stimuli presented over multiple trials, leading to protein-synthesis-dependent memory consolidation [3] . However, some memories, especially those involving food, are more quickly learned and can lead to protein-synthesis-dependent long-term memory after a single trial [4] . So memory systems balance the need to protect against false memories and the need to prioritize and quickly consolidate advantageous memories. Essential to this balancing act are the proteins that inhibit memory formation.
Memory suppressor proteins act to constrain memory formation, helping to guard against the consolidation of maladaptive memories [2] . Identifying these memory suppressors and understanding the system level functions for these pathways are essential for deciphering how memories form, and should help further the development of cognitive enhancers. A new study by Huang et al. [5] , reported in this issue of Current Biology, identifies the E3 ubiquitin ligase encoded by the highwire (hiw) gene as a suppressor of long-term memory (LTM) formation in Drosophila. The group found that Hiw, its target Wallenda (Wnd), and the downstream protein Basket (Bsk) control the amount of training required for the consolidation of long-term olfactory memories. This group further identified the neurons where hiw functions and showed that they have a specific consolidation function in the LTM circuit.
The Hiw-Wnd-Bsk signaling pathway may censor and shepherd LTM formation through the regulation of pro-synaptic functions ( Figure 1A ). Wnd is a MAP kinase kinase kinase most closely related to the vertebrate dileucine zipper kinases [6] ; it acts upstream of Bsk, a JNK-like kinase with a role in synapse formation [6] . The activities of both these kinases promote synaptogenesis in the Drosophila larval neural muscular junction through the activation of the D-Fos transcription factor [6, 7] . Hiw negatively regulates synaptic growth by targeting Wnd for degradation [6, 7] .
In establishing a role for the Hiw-Wnd-Bsk pathway in LTM, Huang et al. [5] used the well-established olfactory conditioning paradigm [5] . In this paradigm, a single training trial consists of pairing an odorant with either a punishment (electric shock) or reward (sugar) [8] . After learning this association, the flies either avoid the shock-paired odorant or are attracted to the sugar-paired odorant. The negatively reinforced olfactory LTM can be induced by multiple trials of odor-shock pairing with 15 minutes spacing between trials and last as much as seven days [3] . In contrast, a single pairing of an odor with sugar will result in long-term memories [4] . Both forms of long-term memory share a requirement for protein synthesis and require the mushroom body neurons within the central brain [3, 4, 9] .
Huang et al. [5] identified hiw in a forward genetic screen for mutations that affect LTM [5] . Amazingly, negatively reinforced LTM was induced after only a single training trial in flies homozygous for hiw loss-of-function mutations or after the expression of a hiw dominant negative transgene. Learning and shorter-term memories were unaffected in the hiw mutants. Moreover, the overexpression of hiw inhibited the formation of negatively reinforced LTM induced by spaced training, establishing this protein as a suppressor of LTM. Hence, the hiw gene product controls a tipping point for LTM formation.
Similar to synaptogenesis, the facilitation of LTM formation by loss of Hiw function is achieved by up-regulation of Wnd and Bsk activity [5, 6] . Wnd levels increase in the hiw mutants, consistent with the absence of ubiquitin-targeted degradation. Downregulation of wnd or bsk activity removes the more facile consolidation of LTM found in hiw inhibited flies and the overexpression of wnd enhances the formation of LTM after one training trial, showing that Wnd is both necessary and sufficient for the facilitation of LTM in hiw mutants [5] .
The requirement for Hiw-Wnd-Bsk to regulate progress into LTM is located within the a/b core neurons of the mushroom body ( Figure 1B Interestingly, reversibly blocking a/b core neurotransmission with a conditional dynamin mutant (temperature-sensitive product of the shibire ts transgene) during acquisition or retrieval did not impact negatively reinforced LTM; however, blocking a/b core neurotransmission during a period of consolidation (6-18 h after training) impaired LTM formation induced by spaced training [5] . A similar disruption of a/b core neuron activity also disrupts positively reinforced memories. So, the consolidation of LTMs requires the output of the a/b core neurons, and this subset of the a/b neurons is not required for LTM retrieval. Since Hiw functions in these neurons to suppress the progress of LTM formation, the likely position of the a/b core neurons upstream of memory consolidation in the LTM circuit seems logical.
When thinking about the position of the Hiw-Wnd-Bsk pathway in LTM formation, it is useful to consider protein synthesis. Inhibiting protein synthesis erases the LTM formed after a single training trial in hiw mutant flies [5] . Recently, a surprising paper from the Chiang lab identified the two Dorsal-Anterior-Lateral (DAL) neurons as critical sites for protein synthesis in negatively reinforced LTM [14] . Acutely inhibiting protein synthesis in these neurons with a conditional ricin cs transgene blocked the formation of negatively reinforced LTM, but acutely blocking protein synthesis in the mushroom body did not [14] . As there is no apparent protein synthesis requirement in the a/b core neurons for LTM formation, the Wnd-Bsk activation is unlikely to activate D-Fos and new synapse formation in these neurons as it does in the larval neuromuscular junction [6] . Neurotransmission from the DAL neurons was also necessary during retrieval of LTM, suggesting DAL synapses are sites of memory consolidation. The pair of DAL neurons contacts dendrites of the first born a/b neurons ( Figure 1B) [14] . These pioneering a/b mushroom body neurons are physically separated from the a/b core [15] , and we are unaware of any direct connection between the a/b core and the a/b pioneering neurons.
At the moment, the Hiw-Wnd-Bsk pathway stands alone in the a/b core neurons, as neither an upstream activator nor a downstream effector has yet been identified. Future genetic and transgenic analysis will likely identify additional molecules that operate within the a/b core to balance the contrasting needs of memory formation [16] . Imaging experiments will help to determine how this pathway affects a/b core activity, and potential downstream circuits. However, the flow of information during memory formation and consolidation is unlikely to be linear like a tightrope; more like a spider's web with recurrent and parallel connections between intrinsic and extrinsic mushroom body neurons reinforcing and consolidating these memories [11, 17] . A significant remaining challenge is to identify all the connections involved in ''gating'' LTM formation, and the molecular changes that permit consolidation. Knowing the role of the Hiw-Wnd-Bsk pathway in the a/b core neurons for gating memories provides a solid platform from which to take the next step. Diantonio [5] . Activation of Wnd and Bsk promotes synaptogenesis in the larval neuronal muscular junction through transcriptional activation [6] , but the effectors of this pathway that gate LTM are unknown. (B) The Hiw-Wnd-Bsk pathway operates in the a/b core neurons of the mushroom bodies to permit LTM formation. These neurons are a subset of the a/b lobe neurons; the dendrites of the a/b lobe neurons are located within the calyx, and the axons project into the vertical a lobe and horizontal b lobe. The DAL neuron is an important site for CREB sensitive and protein synthesis-dependent long-term memory consolidation [14] . The DAL neurons make synaptic connections with the dendrites of a different subset of the a/b lobe neurons. It is proposed that increased Wnd activity in the a/b core neurons acts upstream of the DAL neurons to permit consolidation.
